The ubiquitin-proteasomal system plays a crucial role in oncogenesis in colorectal tissues. Recent studies have shown that stability of -catenin, which functions as an oncogene for colorectal cancer, is regulated by ubiquitin-mediated degradation. It has been reported that a putative E3 ubiquitin ligase, RNF43, is highly expressed in human colorectal carcinoma and that RNF43 promotes cell growth. However, the involvement of RNF43 in carcinogenesis has not been fully elucidated. In this study, we found by using yeast two-hybrid screening that RNF43 binds to NEDD-4-like ubiquitin-protein ligase-1 (NEDL1), which enhances pro-apoptotic activity by p53. In addition, we found that RNF43 also interacts with p53 and that RNF43 suppresses transcriptional activity of p53 in H1299 cells and attenuates apoptosis induced by ultraviolet irradiation. These findings suggest that RNF43 is associated with p53-mediated apoptosis in collaboration with NEDL1 in colorectal carcinogenesis.
Introduction
Colorectal cancer (CRC) is one of the leading causes of cancer death in the Western world in both males and females [1, 2] . Approximately 50% of patients eventually develop metastatic disease, for which palliative systemic treatment is usually administered. The treatment options for patients with metastatic colorectal cancer (mCRC) have changed considerably in recent years. Although a combination of 5-fluorouracil and leucovorin has so far been the only effective treatment for mCRC, irinotecan, oxaliplatin, anti-VEGF antibody (bevacizumab) and anti-EGFR antibodies (cetuximab and panitumumab) have been used as therapeutic drugs against mCRC.
However, even though these treatments have been established, mCRC remains a lethal disease.
It has been reported that p53, NF-B, Bcl-2, APC/ -catenin and cyclooxygenase 2 (COX-2) are associated with colorectal tumorigenesis by affecting colonic epithelial cell apoptosis [3] [4] [5] . Since the cytotoxic action of most chemotherapeutic drugs is often mediated by the activation of apoptotic pathways, altered expression of genes encoding apoptotic proteins may produce drug resistance [6] . p53 as the guardian of the genome plays a central role in DNA damage response. p53 is the most frequently mutated gene in human cancers, and two mechanisms that control tumor growth are disrupted in carcinomas: cell cycle arrest and apoptosis. In response to DNA damage, p53 is regulated and stabilized via a series of posttranslational modifications including phosphorylation, acetylation and ubiquitination.
Ubiquitination is a versatile posttranslational modification mechanism used by eukaryotic cells mainly to control protein levels through proteasome-mediated proteolysis. Ubiquitin conjugation is achieved by several enzymes that act in concert, including a ubiquitin-activating enzyme (E1), a ubiquitin-conjugating enzyme (E2), and a ubiquitin-protein ligase (E3) [7, 8] . E3 is thought to be the component of the ubiquitin conjugation system that is most directly responsible for substrate recognition. Enzymes belonging to class E3 that have been identified include members of the RING, HECT (homologous to E6-AP carboxyl terminus), and U-box families of proteins [9] [10] [11] . The RING finger domain was first identified in the human protein RNG1 in the early 1990`s.
The RING finger domain contains eight metal-binding residues that coordinate two zinc atoms in an interleaved pattern for folding and biological actions [12] . RING finger proteins act by mediating diverse protein-protein interactions.
Ring-finger protein 43 (RNF43), which has been identified as a RING-type E3 ubiquitin ligase, is highly expressed in colorectal cancers. Overexpression of RNF43 resulted in a significant enhancement of cell growth and knockdown of its expression by siRNAs exerted a growth-suppressing effect [13] . These findings suggest that RNF43 plays a role in colorectal carcinogenesis. RNF43 was also identified as a tumor-associated antigen of colorectal cancer (CRC). A tumor-associated antigen contains epitope peptides that promote antitumor immune response for cancer immunotherapy [14] . However, the role of RNF43 in the progression of carcinogenesis has not been fully elucidated.
A novel HECT-type E3 ubiquitin ligase, NEDL1, has been reported to be expressed in neuronal tissues including the spinal cord and to selectively bind to and ubiquitinate mutant (but not wild-type) SOD1 and Dvl1 [15] . Furthermore, it has been reported that NEDL1 interacts with p53 and enhances transcriptional activity of p53 and p53-mediated apoptotic cell death. These findings suggest that NEDL1 regulates cell proliferation and differentiation, stress responses, and DNA-damage responses [15, 16] .
In this study, we found that RNF43 interacts with NEDL1 and that overexpression of RNF43 suppresses the transcriptional activity of p53 and UV-induced apoptosis. It is likely that RNF43 is associated with p53-associated apoptotic cell death via interaction with NEDL1 in colorectal carcinogenesis.
Materials and methods
Cell culture. HEK293T and HCT116 cell lines were cultured under an atomosphere of 5% CO 2 at 37 C in DMEM (Sigma) supplemented with 10% fetal bovine serum (Invitrogen). H1299 cell lines were grown in RPMI1640 (Sigma) medium supplemented with 10% fetal bovine serum (Invitrogen). Yeast two-hybrid screening. Yeast two-hybrid screening was performed with a HeLa cDNA library (Clonetech) as described previously [18] . Complementary DNA encoding 515-784 amino acid residues of human RNF43 was used as a bait.
Antibodies and reagents. The antibodies used were as follows: mouse monoclonal anti-FLAG (M2, Sigma), mouse monoclonal anti-HA (HA.11/16B12, Covance), rabbit polyclonal anti-hNEDL1 (Sigma), mouse monoclonal anti--actin (AC15, Sigma), and mouse monoclonal anti-p53 (Santa Cruz).
Transfection, immunoprecipitation, and immunoblot analysis. HEK293T cells were
transfected by the calcium phosphate method. Thirty-six h after transfection, the cells were lysed in a solution containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1%
Triton-X 100, leupeptin (10 μg/ml), 1 mM phenylmethylsulfonyl fluoride, 400 μM pCAGI-puro-RNF43-FLAG or pCAGI-puro [19] by electroporation (250 V, 960 μF).
Twenty-four h after transfection, puromycin (0.5 μg/mL) was added to the cultures and single colonies were selected. Expression of RNF43 was confirmed by immunoblot analysis.
Apoptosis assay. 
Results

RNF43 interacts with NEDL1
It has been reported that RNF43 is highly expressed in colorectal cancers and that overexpression of RNF43 causes a significant enhancement of cell growth [13] . It is important to identify the proteins interacting with RNF43 for elucidating the molecular mechanism of cell proliferation by RNF43. To identify proteins that interact with RNF43, we screened the pACT2 HeLa cDNA library by using pBTM116-hRNF43
plasmid as a bait. Sixty-six positive clones were isolated on Leu-Trp-His-deficient medium from 1.2 10 5 transformants. One of the positive clones had sequence identities with NEDL1 (NEDD-4-like ubiquitin-protein ligase-1). We confirmed that RNF43 interacts with NEDL1 by using a -galactosidase assay (Fig. 1A) . CHIP and EKN1 cDNAs were used for positive controls [20] . Next, we investigated whether RNF43 physically interacts with NEDL1 in mammalian cells. We transfected expression vectors encoding FLAG-tagged RNF43 and/or NEDL1 into HEK293T cells. Cell lysates were subjected to immunoprecipitation with anti-FLAG antibody and the resulting precipitates were subjected to immunoblot analysis with anti-FLAG or NEDL1 antibody. An in vivo binding assay showed that RNF43 interacts with full-length (FL) NEDL1 as well as truncated NEDL1 (326-1466 amino acids), which contains an RNF43-interacting region identified by yeast-two hybrid screening (Fig.   1B) .
Interaction of RNF43 with p53
It has been reported that NEDL1 interacts with p53 and enhances p53-mediated apoptotic cell death [16] . We examined whether RNF43 also interacts with p53. We transfected expression vectors encoding FLAG-tagged p53 and/or HA-tagged RNF43 into HEK293T cells. Cell lysates were subjected to immunoprecipitation with an anti-FLAG antibody and the resulting precipitates were subjected to immunoblot analysis with anti-HA antibody. Immunoblot analysis showed that FLAG-tagged p53
was coimmunoprecipitated with HA-tagged RNF43 in HEK293T cells ( Fig. 2A) . Next, we verified the interaction between FLAG-tagged RNF43 and endogenous p53 (Fig.   2B ). Taken together, these findings suggest that RNF43 interacts with p53 and NEDL1.
RNF43 suppresses p53 mediated transcriptional activity
Since it has been reported that NEDL1 enhances transcriptional activity of p53 [16] , we examined the effect of RNF43 on p53-mediated transcriptional activity. A luciferase reporter construct containing p53-responsive element were transfected with several amounts of RNF43 and/or p53 expression vectors into H1299 cells and the luciferase activity was measured. Luciferase assays showed that RNF43 suppressed p53-mediated transactivation in a dose-dependent manner (Fig. 3) .
RNF43 suppresses UV-induced apoptosis
Since it has been reported that overexpression of RNF43 causes cell proliferation, resulting in enhancement of oncogenic activity, we hypothesized that RNF43 regulates p53-mediated apoptosis. To confirm the effect of RNF43 on caspase activation,
immunoblot analysis was performed to analyze the cleaved form of caspase-3 after cDDP treatment. Immunoblot analysis showed that overexpression of RNF43 attenuates the cleavage form of caspase-3 compared with the control (Fig. 4A) . Moreover, to examine the effect of RNF43 on p53-dependent apoptosis, we checked the sub-G 1 fraction after UV irradiation by flowcytometric analysis. Flowcytometric analysis showed that RNF43 decreased the sub-G 1 fraction as an apoptotic fraction compared with the control, suggesting that overexpression of RNF43 suppresses UV-induced apoptosis (Fig. 4B) . These results suggest that RNF43 suppresses apoptosis that is mediated by p53.
Discussion
In this study, we showed that RNF43, which is highly expressed in colorectal cancers, interacts with NEDL1, which binds to and regulates p53, and that RNF43 also interacts with p53 and suppresses p53-mediated transcription. p53 is one of the important tumor suppressors and integrates multiple stress signals into an anti-tumor response. p53 protein normally induces G1 cell-cycle arrest to facilitate DNA repair during replication or it induces apoptosis. We showed that RNF43 suppresses apoptosis induced by UV irradiation or cDDP treatment. These findings suggest that RNF43
regulates cell growth and apoptosis via NEDL1 and p53.
It has been reported that several pathways are involved in colorectal carcinogenesis [21] . The carcinogenic pathway in colorectal cancers is characterized by allelic losses on chromosome 5q (APC), 7p (p53), and 18q (DCC/SMAD4) and is therefore called the chromosomal instability (CNI) pathway. Patients with CRC involving a p53 mutation have worse survival than do patients whose cancers do not have a p53 mutation [22] .
Thus, P53-mediated apoptosis has an important role in colorectal carcinogenesis.
Although p53 mutations are generally considered to occur at the stage of transformation from adenoma to adenocarcinoma in this pathway, it has been reported that p53 abnormalities, either mutation or loss of heterozygosity, exist in 4-26% of adenomas, 50% of adenomas with invasive foci, and 50-75% of CRCs having impaired function of p53 [23] . RNF43 is overexpressed in colon adenoma as well as colorectal cancers [24] .
p53 mutation with adenoma suggests that p53 with adenoma might contribute to the proapoptotic function of p53. It has been reported that NEDL1 enhances the transcriptional activity of p53 and p53-mediated apoptotic cell death. We showed that RNF43 interacts with NEDL1 and suppresses p53-mediated transcriptional activity, suggesting that RNF43 functions as a negative regulator of NEDL1. Taken together, RNF43 likely plays a crucial role for regulating wild-type p53-associated apoptotic cell death. However, the detailed molecular mechanism of RNF43 remains to be unknown.
It has been reported that p53 is regulated by posttranslational modifications including ubiquitination, phosphorylation and methylation and that posttranslational modifications of p53 are associated with its functions, including DNA repair, cell cycle arrest and apoptosis [25] . p53 is ubiquitinated by Mdm2 E3 ligase and acetylation of p53 destabilizes the p53-Mdm2 interaction, suggesting that acetylation of p53 is indispensable for p53 activation [26] . Acetylation levels of p53 can be regulated via deacetylation by an HDAC1 (histone deacetylase 1)-containing complex or by NAD-dependent histone deacetylase Sir2 (silent information regulator 2 ). These findings suggest that deacetylation represses p53-dependent transcriptional activation, cell-cycle arrest and apoptosis [27] . RNF43 and NEDL1 likely have ubiquitin ligase activities because RNF43 and NEDL1 have a RING domain and a HECT domain, respectively. Overexpression of NEDL1 enhances p53-mediated transcription, suggesting that NEDL1 does not degrade p53 via the ubiquitin-proteasomal pathway [16] . On the other hand, we showed that RNF43 interacts with NEDL1 and inhibits p53-mediated transcription, suggesting that RNF43 is an E3 ubiquitin ligase for NEDL1 or p53.
In conclusion, we showed that RNF43 suppresses transcriptional activity of p53 and apoptosis induced by UV or cDDP treatment. However, it is unclear whether interaction of RNF43 with NEDL1 and p53 contributes to posttranslational modifications of p53.
Further biochemical studies and genetic approaches using transgenic or knock-out mice 
